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ABSTRACT 
The geometrical changes of the processed material (process induced distortions) are a critical 
issue in pultrusion, since they affect the process dynamics (mainly the pull force), as well as the 
mechanical properties and geometrical precision of the final product. Hence, a detailed 
understanding of the mechanical behavior generating the distortions during the process is 
eventually required. In the present study, two different modelling approaches are implemented 
and compared to calculate the development of the distortions during the pultrusion of a 
graphite/epoxy composite rod. In both cases, the temperature and the degree of cure 
distributions are obtained from the thermo-chemical analysis, using a finite element and a finite 
volume approach, respectively. Process induced distortions have been computed solving a 
sequential stress-strain finite element model, in the former case. In the latter, the transient 
distortions are inferred adopting a semi-analytical procedure, i.e. post processing numerical 
results by means of analytical methods. The predictions of the process induced distortion 
development using the aforementioned methods are found to be qualitatively close to each other. 
Furthermore, the location of the detachment between the heating die and the part due to 
shrinkage is also investigated.  
1. INTRODUCTION 
Pultrusion is a continuous manufacturing process used to realize constant cross sectional 
composite profiles. In recent years, the pultrusion process experienced a remarkable growing 
within the composite industry, due to its cost-effectiveness, automation and quality of products. 
Nowadays the process is widely used to manufacture highly strengthened structures such as 
wind turbine blades, window profiles, door panels, and reinforcement beams for concrete. In a 
pultrusion process, the fibers/mats are first impregnated by the (thermoset or thermoplastic) 
matrix material by means of a resin bath or employing a resin injection chamber. The wet out 
reinforcements then enter the forming and curing die where the heat activates the exothermic 
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2. THERMO-CHEMICAL MODEL 
Even if pultrusion is conceptually a very simple process, its dynamics are affected by several 
important aspects, such as heat and mass transfer, resin reaction and phase changes, voids 
growth or dissolution, interaction between the processing material and the heating die and 
stress-strain development. All the aforementioned issues are strictly related to thermo-chemical 
phenomena, which, from a modelling point of view, can be formulated in terms of energy and 
species balances. In more detail, the temperature distribution into the processing material can be 
inferred solving the following form of the energy equations: 
 ߩܥ௣ ቀడ்డ௧ ൅ ݑ
డ்
డ௫యቁ ൌ ݇௫భ
డమ்
డ௫భమ
൅ ݇௫మ డ
మ்
డ௫మమ
൅ ݇௫య డ
మ்
డ௫యమ
൅ ݍ  (1) 
where 7 is the temperature, Wis the time, X is the pulling speed (along the x3 direction), U is the 
density, &S is the specific heat and N[, N[and N[are the thermal conductivities along [, [and [
directions, respectively. Lumped material properties are used and assumed to be constant 
throughout the process.  
The generative term T at the second member of Eq. 1 is related to the internal heat generation 
due to the exothermic resin reaction or conversion, i.e. the crosslinking of polymeric chains, 
quantified by means of the degree of cure Į. Rigorously speaking, Į is defined as the ratio 
between the reacted species and the total reactive species at the beginning of the process, 
however, for convenience, it is commonly quantified considering some reaction dependent 
parameter, such as the released heat. Following this assumption, the degree of cure can be 
written as the ratio between the amount of heat +W, evolved up to the time W, to the total heat of 
reaction +WU (for Į = 1). As a consequence, considering that the reinforcing fibers do not 
contribute to the generative term and indicating the reaction rate (first derivative of the degree of 
cure with respect to time) as 5U it follows: 
 ݍ ൌ  ൫ͳ െ ௙ܸ൯ߩ௥ܪ௧௥ܴ௥,  (2) 
where9I is the fiber volume fraction and UU is the resin density. 
Several kinetics models have been proposed and discussed in the inherent literature to describe 
the evolution of the cure reaction. In the present investigation the well-established n-order 
model has been adopted [Valliappan et al. (1996)], assuming an Arrhenius type dependence on 
the absolute temperature:  
 ܴ௥ሺߙǡ ܶሻ ൌ డఈడ௧ ൌ
ଵ
ு೟ೝ
ௗுሺ௧ሻ
ௗ௧ ൌ ܭ଴݁ݔ݌ ቀെ
ா
ோ்ቁ ሺͳ െ ߙሻ௡.  (3) 
The above equations have been solved using a finite element scheme in Model-1. The evaluation 
of degree of cure and reaction rate has been obtained by means of iterative in-house developed 
routines implemented into the commercial software ABAQUS (version 6.11, 2011), until the 
matching of a temperature and degree of cure tolerance. In Model-2 a finite volume approach 
has been employed, defining the degree of cure as an additional volumetric scalar variable, 
whose transport equation, in the aforementioned hypothesis, can be written as: 
 ቀడఈడ௧ ൅ ݑ
డఈ
డ௫యቁ ൌ ܴ௥.  (4) 
Eqs. (1-4) have been solved by means of the commercial package ANSYS-CFX for Model-2. 
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3. CALCULATION OF THE DISTORTIONS 
Model-1. The evolutions of the process induced displacements in transverse directions are 
predicted using a 2D plane-strain model [Baran et al. (2013)]. In this model, the cross section of 
the part is assumed to move along the pulling direction of the process while tracking the 
corresponding temperature and degree of cure profiles calculated in the 3D thermo-chemical 
simulation. In other words, a 3D Eulerian thermo-chemical model is coupled with a 2D plane 
strain Lagrangian mechanical model. The corresponding transient distortions are calculated 
based on the temperature and the cure distributions together with the corresponding glass 
transition temperature (7g) of the cross section by using the quadratic plane-strain elements in 
ABAQUS. The instantaneous resin elastic modulus ((U) development during the process is 
calculated using the CHILE approach [Johnston (1997)], as follows:  
 ܧ௥ ൌ ൞
ܧ௥଴
ܧ௥଴ ൅ ்
כି்಴భ
்಴మି்಴భ
ܧ௥ஶ
ሺܧ௥ஶ െ ܧ௥଴ሻ݂݋ݎ
ܶכ ൏ ஼ܶଵ
 ஼ܶଵ ൑ ܶכ ൑ ஼ܶଶ
ܶכ ൐ ஼ܶଶ
 ,  (5) 
where (U and (Uf are the uncured and fully cured resin moduli, respectively. 7& and 7& are the 
critical temperatures at the onset and completion of the glass transition, respectively, 7 
represents the difference between the instantaneous resin glass transition temperature (7g) and 
the resin temperature, i.e. 7 = 7g – 7 [Johnston (1997)]. The evolution of the 7 is given by:  
 ܶכ ൌ ௚ܶ െ ܶ ൌ ሺ ௚ܶ଴ ൅ ߙ்௚ ή ߙሻ.  (6) 
The effective mechanical properties of the composite are calculated by using the self-consisting 
field micromechanics (SCFM) approach which is a well-known technique in the literature 
[Bogetti and Gillespie Jr (1992)]. User-subroutines in ABAQUS are used for the calculation of 
the transient distortions as used in [Baran et al. (2013)]. 
Model-2. The basic assumption of this model is that the section of the processing material varies 
along the pultrusion die, preserving the position of its axis of gravity (barycenter), following the 
approach proposed in [Joshi and Lam (2001)]. The virtual dimension (radial in this case) of L-th 
control volume can be computed multiplying its initial value times the correction factor:  
 ߜ௖ǡ௜ ൌ ௥ܸߜ௥ǡ௜ ൅ ௙ܸߜ௙ǡ௜,   (7) 
being įr,i and įf,i the variation of a unit dimension of the L-th volume entirely filled respectively 
with resin or fiber materials:  
 ߜ௥ǡ௜ ൌ ൫ͳ ൅ ߝ௥ሺ ௜ܶ െ ଴ܶሻ൯ ή ቀͳ െ ఊೝఈ೔ଵ଴଴ቁ
ଵȀଷ
,  (8) 
 ߜ௥ǡ௜ ൌ ቀͳ ൅ ߝ௙ሺ ௜ܶ െ ଴ܶሻቁ.  (9) 
In the above equation İr represents the thermal expansion coefficient and Ȗr is the percentage 
volumetric shrinkage of the fully cured (Į = 1) resin. Repeating the calculation one finally has: 
 ο௥ǡ௜ൌ ݎ௜൫ߜ௖ǡ௜ െ ͳ൯.  (10) 
The total displacementǻU can be evaluated extending Eq. 10 to the whole radius. In particular, if 
the virtual section of the processing composite results greater than the internal die section, i.e. 
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